INTRODUCTION {#S1}
============

The ponerine ant *Harpegnathos saltator* is emerging as a model system to study the epigenetic regulation of brain function and behavior ([@R5]; [@R70]). Adult *Harpegnathos* workers can convert to acting queens, called gamergates, that are allowed to mate and lay fertilized eggs. We have previously shown that the worker-gamergate transition is accompanied by changes in brain gene expression ([@R22]), but the epigenetic mechanisms responsible for these changes remain unknown.

Previous work in *Harpegnathos* and in the more conventional Florida carpenter ant *Camponotus floridanus* has suggested that epigenetic pathways, including those that control histone modifications and DNA methylation, might be responsible for differential deployment of caste-specific traits ([@R7], [@R8]; [@R60]). Pharmacological and molecular manipulation of histone acetylation affects caste-specific behavior in *Camponotus* ants ([@R62]), suggesting a direct role for epigenetics in their social behavior. Although the molecular mechanisms by which environmental and developmental cues are converted into epigenetic information on chromatin remain subject of intense investigation ([@R2]), it has become clear that non-coding RNAs play an important role in mediating this flow of information ([@R27]). In particular, long non-coding RNAs (lncRNAs)---transcripts longer than 200 bp that are not translated into proteins---have been proposed to participate in the epigenetic regulation of gene expression ([@R6]; [@R54]).

Many proteins that regulate chromatin function bind RNA ([@R24]; [@R25]; [@R26]), and it is believed that these interactions might explain the epigenetic function of certain lncRNAs. Among epigenetic factors that bind to and are regulated by lncRNAs are SCML2 and EZH2 ([@R9]; [@R76]), subunits of *Polycomb* repressive complex 1 and 2, which maintain lineage specifications and cell identity during development via epigenetic gene repression ([@R58]); WDR5 ([@R72]), a subunit of the MLL complex, which belongs to the *Trithorax* group of epigenetic activators ([@R58]); various DNA methyltransferases ([@R68]); and CTCF ([@R57]; [@R64]), better known as the ''master weaver of the genome'' because of its role in organizing the genome in 3D loops ([@R51]). In fact, lncRNAs have been directly implicated in maintaining looping interactions between promoters and enhancers ([@R36]) and as organizers of 3D genome architecture ([@R3]; [@R17]; [@R30]).

lncRNAs have been annotated extensively in human ([@R11]; [@R14]), mouse ([@R23]; [@R50]), model organisms such as zebrafish, *Drosophila melanogaster* and *Caenorhabditis elegans* ([@R21]; [@R46]; [@R49]; [@R65]; [@R75]), and the bees *Apis mellifera* and *Apis cerana* ([@R29]); but, to our knowledge, no comprehensive annotation of lncRNAs in ants has been reported. This may be in part because ant genomes, including those of *Camponotus* and *Harpegnathos* ([@R7]), are still in draft, highly fragmented form due to the prevalent use of whole-genome shotgun sequencing to assemble them. In addition to making lncRNA annotation practically impossible, the fragmented nature of these genome assemblies also hamper the sophisticated genome-wide analyses required for epigenetic research, thus limiting the reach of these species as model organisms.

We upgraded the genomes of *Harpegnathos* and *Camponotus* to megabase level with a combination of *de novo* assembly of Pacific Biosciences (PacBio) long reads, scaffolding with mate pairs and long reads, and polishing with short reads. The contiguity of both genomes was greatly improved while maintaining the high accuracy of the short-read-only assemblies. We used these new assemblies to annotate protein-coding genes and lncRNAs, leading to the discovery of lncRNAs differentially expressed between *Harpegnathos* castes, developmental stages, and tissues. These improvements to the *Harpegnathos* and *Camponotus* genomes will lead to greater understanding of the genetic and epigenetic factors that underlie the behavior of these social insects.

RESULTS {#S2}
=======

Long-Read Sequencing Improves Contiguity {#S3}
----------------------------------------

We sequenced genomic DNA isolated from *Harpegnathos* and *Camponotus* workers using PacBio single-molecule real-time technology, obtaining a sequence coverage of 703 for *Harpegnathos* and 533 for *Camponotus*, compatible with PacBio-only genome assembly ([@R35]). PacBio reads are much longer than those used for whole-genome shotgun draft assemblies, including the previously reported assemblies for these two ant species ([@R7]), and are thus expected to yield longer contigs and scaffolds with fewer gaps (scheme, [Figure 1A](#F1){ref-type="fig"}).

We used these long reads to assemble the two genomes *de novo* using a multistep process ([Figure S1A](#SD1){ref-type="supplementary-material"}), starting with the dedicated long read assembler Canu ([@R35]). Although this initial step produced assemblies that surpassed the contiguity of the current draft genomes ([Figure S1A; Table S1](#SD1){ref-type="supplementary-material"}), we leveraged long reads and previously generated sequencing data to maximize the quality of the newly assembled genomes.

The new PacBio sequencing-derived assemblies (''2016 assemblies'') compared favorably to the short-read assemblies currently available for both ant species (''2010 assemblies''). Despite capturing a larger amount of genomic sequence ([Table S1](#SD1){ref-type="supplementary-material"}), the number of contigs was dramatically decreased in the 2016 assemblies ([Figure 1B](#F1){ref-type="fig"}) and their average size was more than 30-fold larger than in the 2010 assemblies ([Figure 1C](#F1){ref-type="fig"}), reflecting greatly increased assembly contiguity. Scaffolding was also improved in the 2016 assemblies, which consisted of fewer, larger scaffolds ([Figure S1B](#SD1){ref-type="supplementary-material"}) and contained fewer gaps than the 2010 assemblies ([Table S1](#SD1){ref-type="supplementary-material"}). Improvements were also evident in the conventional metrics of assembly quality such as contig and scaffold N50s ([Table S1](#SD1){ref-type="supplementary-material"}). Overall, the contig N50 size increased by 22-fold (to 885 kb) and 65-fold (to 1.2 Mb) for *Harpegnathos* and *Camponotus*, respectively, and in both assemblies, the scaffold N50 size surpassed 1 Mb ([Table S1](#SD1){ref-type="supplementary-material"}).

The contig N50 sizes of our improved *Harpegnathos* and *Camponotus* assemblies top almost all other insect genomes available in the NCBI database, with the exception of two genomes also assembled using PacBio long-read sequencing, *Drosophila serrata* ([@R1]) and *Aedes albopictus* ([@R43]), as well as the classic model organism *Drosophila melanogaster* ([Figure 1D](#F1){ref-type="fig"}, left). The number and size of scaffolds also compared favorably with other available genomes ([Figure 1D](#F1){ref-type="fig"}, right), and the numbers of gaps in our new assemblies (240 and 326 in *Harpegnathos* and *Camponotus*, respectively) are lower than for any other insect genome in this set, including *Drosophila melanogaster* ([Figure 1E](#F1){ref-type="fig"}).

PacBio reads can span long repetitive sequence that cannot be assembled properly using short reads ([@R55]). We found several cases where distinct scaffolds from the 2010 assemblies mapped to a single scaffold (or contig) in the 2016 assemblies, separated by repetitive sequences. For example, scaffolds 921 and 700 from 2010 were joined into a larger scaffold in the improved 2016 assemblies ([Figure 1F](#F1){ref-type="fig"}), separated by \~6.5 kb of repeats spanned by multiple PacBio reads ([Figure 1G](#F1){ref-type="fig"}). Indeed, much of the newly assembled DNA sequence consisted of repeats ([Figure S2](#SD1){ref-type="supplementary-material"}).

Thus, long PacBio reads allowed us to assemble across longer repeats than previously possible, greatly improving the contiguity of the *Harpegnathos* and *Camponotus* genomes.

The New Assemblies Are Highly Accurate {#S4}
--------------------------------------

We countered the high error rate of PacBio sequencing with deep sequence coverage (\>50×) and by polishing our assemblies with the short reads from the original draft genomes ([@R7]).

RNA sequencing (RNA-seq) from various developmental stages in both species mapped better to the 2016 assemblies compared to the 2010 draft versions in all cases ([Figure 2A](#F2){ref-type="fig"}), with a lower mismatch rate per base ([Figure 2B](#F2){ref-type="fig"}), demonstrating that our strategy to correct PacBio sequencing errors successfully generated highly accurate genome sequences. The improved mapping rate suggests that the new assemblies capture transcribed but previously unassembled sequence.

Furthermore, alignment of Sanger sequences of 10 (*Harpegnathos*) and 9 (*Camponotus*) \~40-kb fosmid clones ([@R7]) showed similar or higher coverage in the new assemblies compared to the draft 2010 versions ([Figure 2C](#F2){ref-type="fig"}; [Table S2](#SD1){ref-type="supplementary-material"}).

Neither the RNA-seq nor the fosmids were used in assembly construction, providing an orthogonal method of measuring genome completeness and accuracy.

Improvements in Protein-Coding Annotations {#S5}
------------------------------------------

We annotated protein-coding genes using a combination of *ab initio* transcriptome reconstruction, homology-based searches, and *de novo* identification of gene structure ([Figure S3A](#SD1){ref-type="supplementary-material"}). We used MAKER2 ([@R28]) to combine these sources of evidence and retained models consistently represented across evidence ([Figure S3B](#SD1){ref-type="supplementary-material"}) and/or with a protein domain, annotating 20,317 and 18,620 protein-coding genes for *Harpegnathos* and *Camponotus*, respectively ([Figure S3C](#SD1){ref-type="supplementary-material"}). The filtered protein-coding annotations recovered slightly higher percentages of a core set of evolutionarily conserved arthropod genes ([@R59]) compared to the 2010 annotations ([Table S3](#SD1){ref-type="supplementary-material"}).

The number of gene models encoding proteins conserved throughout evolution was more or less unchanged after the genome update ([Figure 3A](#F3){ref-type="fig"}). Interestingly, a higher percentage of genes in the 2016 assemblies had no homology to known protein-coding genes in human, mouse, and a panel of insects, including several Hymenoptera ([Figure 3A](#F3){ref-type="fig"}, red boxes). A majority of these gene models without homology to known proteins contained at least one recognizable protein families (PFAMs) domain ([Figure 3B](#F3){ref-type="fig"}), suggesting that they might encode true protein-coding genes missed by annotation efforts in related organisms.

We reasoned that the improved assemblies and protein-coding annotations might uncover biologically relevant genes missing in the older versions. *Harpegnathos* workers are characterized by their unique reproductive and brain plasticity that, in absence of a queen, allows some of them to transition to a queen-like phenotypic status called ''gamergate'' ([@R7], [@R8]), which is accompanied by major changes in brain gene expression ([@R22]). Mapping this dataset to the new annotation, we found that a *Gp-9-like* gene had significantly higher expression in worker brains compared to gamergates ([Figure 3C](#F3){ref-type="fig"}). This gene was not previously detected as differentially expressed, likely because its closest homolog in the old annotation contains many sequence disparities ([Figure S4A](#SD1){ref-type="supplementary-material"}), reducing the RNA-seq coverage mapped to this gene in both castes ([Figure S4B](#SD1){ref-type="supplementary-material"}). Mass spectrometry analyses identified two peptides mapping exactly to the newly predicted sequence ([Figure S4A](#SD1){ref-type="supplementary-material"}), confirming the accuracy of the updated gene model.

This *Gp-9-like* gene encodes one of several proteins with homology to a pheromone-binding protein well studied in the fire ant *Solenopsis invicta* because it marks a genomic element associated with the ability of the colony to accept one or more fertile queens ([@R67]). Other ant species, including *Monomorium pharaonis* ([@R69]), *Vollenhovia emeryi* ([@R44]), and *Dinoponera quadriceps* ([@R48]), have several *Gp-9-like* homologs, some of which display worker-biased expression patterns ([Figures S4C--S4E](#SD1){ref-type="supplementary-material"}). Many other Hymenoptera also have *Gp-9* or *Gp-9-like* homologs in their genomes ([Figure S4F](#SD1){ref-type="supplementary-material"}), and much of the *Solenopsis invicta* gene that associates with colony structure is conserved with these *Gp-9-like* gene models, especially within the odorant-binding domain ([Figure S4G](#SD1){ref-type="supplementary-material"}). Furthermore, this gene is likely under positive selection (significant by chi-square test, degrees of freedom \[df\] = 1, α = 0.001). These observations suggest that the role of this pheromone-binding protein in social organization is more conserved than previously appreciated.

One specific locus with better contiguity and improved protein-coding annotations is the *Hox* cluster, a group of developmental genes conserved throughout metazoa ([@R20]). Homologs for two *Drosophila Hox* cluster genes, *lab* and *abd-A*, were surprisingly missing from the 2010 *Harpegnathos* annotation ([@R61]); however, both genes were properly positioned in the *Hox* cluster of the new *Harpegnathos* assembly, in the same order as the corresponding *Drosophila* homologs ([Figure 4A](#F4){ref-type="fig"}). The 2010 annotation did contain gene models overlapping the loci for *Iab* and *abd-A*, but they were incomplete ([Figures 4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}; data not shown), which had previously prevented their detection by homology searches. The contiguity of the *Hox* cluster is critical to its function, as genes in the cluster are expressed in a collinear fashion during development ([@R33]). *Drosophila* and the silkworm *Bombyx mori* have split *Hox* clusters ([@R47]; [@R73]), but many other insects have an intact one ([@R10]; [@R15]; [@R19]), including *Apis mellifera* ([@R13]). In our previous assemblies, the *Camponotus* cluster was split among three different scaffolds, begging the question of whether this separation was due to the actual relocalization of genes during evolution or simply discontinuous assembly. The improved 2016 assemblies answered this question by showing that the entire *Camponotus Hox* clusters could be assembled into a single, larger scaffold ([Figure 4A](#F4){ref-type="fig"}).

Together, our analyses show that reannotation of the improved assemblies for *Harpegnathos* and *Camponotus* yielded more complete gene sets, better models of already annotated genes, and better contiguity of a tightly regulated gene cluster.

Annotation of lncRNAs {#S6}
---------------------

To annotate lncRNAs, we assembled a reference-based transcriptome from RNA-seq of various developmental stages and retained high-confidence transcripts longer than 200 bp not overlapping with existing protein-coding gene models ([Figure S5A](#SD1){ref-type="supplementary-material"}). Approximately 24% of *de-novo*-assembled *Harpegnathos* and *Camponotus* transcripts met this requirement ([Figure S5B](#SD1){ref-type="supplementary-material"}).

We filtered our non-coding annotations using PhyloCSF ([@R39]). Most protein-coding genes in both *Harpegnathos* and *Camponotus* had positive PhyloCSF scores, indicative of a coding model, whereas our newly annotated putative non-coding transcripts were skewed toward negative, non-coding scores ([Figure 5A](#F5){ref-type="fig"}). After filtering by PhyloCSF score, 628 (28.2%) and 683 (30.1%) of the putative non-coding genes in *Harpegnathos* and *Camponotus*, respectively, were retained. We then removed lncRNA gene models with splice junctions to adjacent protein-coding genes, as they might constitute 5′ or 3′ UTRs missed by our protein-coding annotation pipeline ([@R74]) ([Figure 5B](#F5){ref-type="fig"}). We also removed lncRNA models containing open reading frames to which we could assign PFAM domains or peptides from mass spectrometry ([Figure 5B](#F5){ref-type="fig"}). We did not consider these models for protein-coding annotations.

At the end of all filtering steps, we annotated 438 and 359 high-confidence lncRNA gene models for *Harpegnathos* and *Camponotus*, respectively ([Figures 5B](#F5){ref-type="fig"} and [S5A](#SD1){ref-type="supplementary-material"}), which we subdivided according to their spatial relationship to neighboring protein-coding gene models into intervening, promoter-associated, and intronic ([Figures S5C and S5D](#SD1){ref-type="supplementary-material"}), all of which showed a lack of coding potential, even when considered separately ([Figure S6A](#SD1){ref-type="supplementary-material"}). We could not detect a substantial number of antisense lncRNAs overlapping exons of protein-coding genes.

lncRNAs in other organism are less conserved, are shorter, have fewer exons, and, overall, are expressed at lower levels than protein-coding genes ([@R53]). We detected most of these features in our ant lncRNAs; they were less conserved than protein-coding genes ([Figure 5C](#F5){ref-type="fig"}), regardless of their genomic localization ([Figure S6B](#SD1){ref-type="supplementary-material"}); they had a smaller number of exons ([Figure S6C](#SD1){ref-type="supplementary-material"}); and they were expressed at lower levels than protein-coding genes ([Figure S6D](#SD1){ref-type="supplementary-material"}). However, the length distribution of the ant lncRNAs was similar to that of protein-coding genes ([Figure S6E](#SD1){ref-type="supplementary-material"}), which was a departure from what was observed in mammals, *Drosophila*, and *C. elegans* ([@R11]; [@R46]; [@R75]). lncRNAs in other genomes tend to overlap with transposable elements at a higher rate than protein-coding genes, suggesting a role for these sequences in their function and diversification ([@R31]; [@R32]). We observe this in ant lncRNAs as well ([Figure S6F](#SD1){ref-type="supplementary-material"}).

Expression Patterns of lncRNAs {#S7}
------------------------------

If our lncRNA gene models comprise functional loci with potential for epigenetic regulation we should be able to observe their differential expression in a number of relevant comparisons, such as through developmental stages, in different tissues, and perhaps even the same tissue from different castes.

We determined whether lncRNA transcription was differentially regulated during life transitions in *Harpegnathos*. We analyzed whole-body RNA-seq datasets from embryos, larvae, pupae, and adult workers. We clustered relative changes in the expression levels of lncRNAs across these samples into groups with distinct kinetics ([Figure 6A](#F6){ref-type="fig"}), which allowed us to identify early development lncRNAs ([Figure 6A](#F6){ref-type="fig"}, clusters 1--4), adult lncRNAs (clusters 8--10), and a set of lncRNAs predominantly expressed in the pupal stage (clusters 6 and 7), a critical phase in the life of holometabolous insects characterized by pronounced cell proliferation, morphogenesis, and neuronal remodeling.

We also identified lncRNAs with tissue-specific expression in *Harpegnathos* adults by comparing the transcriptomes of antenna, non-visual brain (the central part of the brain after removal of the optic lobes; [@R22]), fat body, and ovary. Many lncRNAs were expressed specifically in one tissue, especially the brain ([Figure 6B](#F6){ref-type="fig"}), perhaps indicating a dedicated function. We validated the tissue-specific expression of three lncRNAs by RT-qPCR ([Figure 6C](#F6){ref-type="fig"}): XLOC_109542, which showed higher expression in ovary and non-visual brain; XLOC_044583, with highest expression in the brain; and XLOC_093879, which was restricted to the antenna (and the retina; see below).

As lncRNAs have been previously shown to be expressed in different regions of the mouse brain ([@R42]), we compared lncRNA expression levels in RNA-seq data from non-visual brain, optic lobe, and retina. We used region-specific controls *corazonin* (non-visual brain), *Gabbr2* (optic lobe), and *Arr2* (retina) to ensure that our dissections had been performed accurately ([Figure S7A](#SD1){ref-type="supplementary-material"}). We detected many lncRNAs with higher expression in one region of the brain ([Figure 6D](#F6){ref-type="fig"}), and validated three by RT-qPCR ([Figure 6E](#F6){ref-type="fig"}): XLOC_109542, which was expressed at higher levels in the non-visual brain; XLOC\_ 001194, expressed at higher levels in the optic lobe; and XLOC_093879, restricted to the retina (and the antenna, see above).

We previously showed that the adult caste transition between worker and gamergates in *Harpegnathos* is accompanied by major changes in protein-coding gene expression ([@R22]). We reanalyzed that dataset in the context of our new lncRNA annotation and found 17 lncRNAs that were differentially expressed in worker and gamergate brains with a p value cutoff of 0.05 ([Figure 7A](#F7){ref-type="fig"}). We also looked for lncRNAs that might be responsible for co-regulating a protein-coding gene. XLOC_094172 caught our attention because its expression strongly correlated with that of the neighboring protein-coding gene *vps26* ([Figures 7B](#F7){ref-type="fig"}, [7C](#F7){ref-type="fig"}, and [S7B](#SD1){ref-type="supplementary-material"}), a subunit of the retromer complex implicated in neurological disorders ([@R40]; [@R41]). This lncRNA and its co-regulated protein-coding gene are \~22 kb apart and on opposite strands ([Figure 7D](#F7){ref-type="fig"}), excluding the possibility that they are spanned by the same primary transcript. Instead, we propose that this lncRNA controls expression of the protein-coding gene, as is the case for several *cis*-acting lncRNAs in other organisms ([@R18]).

We also confirmed the expression in the brain of lncRNAs with homologs in other insects ([@R29]; [@R38]) ([Figure S7C](#SD1){ref-type="supplementary-material"}). Most notably, the *Harpegnathos* homolog of CASK regulatory gene (CRG), a lncRNA involved in locomotor behavior in *Drosophila* ([@R38]), was expressed in neurons throughout the brain, as demonstrated by RNA-seq analyses ([Figure S7D](#SD1){ref-type="supplementary-material"}; XLOC_081169) and by its co-localization with the pan-neuronal marker *elav* by fluorescence *in situ* hybridization (FISH) ([Figures S7D and S7E](#SD1){ref-type="supplementary-material"}).

To confirm that our example lncRNAs are bona fide lncRNAs, we utilized an orthogonal method of measuring coding potential used in other lncRNA annotations ([@R29]; [@R46]; [@R65]; [@R75]), the Coding Potential Calculator (CPC) ([@R34]). CPC scores correlated strongly with PhyloCSF scores (p \< 10^−15^ for both *Harpegnathos* and *Camponotus*) and scored as non-coding all lncRNAs shown in [Figures 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}, and [S7](#SD1){ref-type="supplementary-material"}. The accuracy of our lncRNA gene models was further confirmed by the fact that all qRT-PCR reactions yielded products of the expected size ([Figure S7F](#SD1){ref-type="supplementary-material"}).

Thus, our improved genome assemblies allowed us to annotate lncRNAs, several of which displayed developmental-, brain-, or caste-specific expression patterns, which suggests that they might have important roles in development and brain function.

DISCUSSION {#S8}
==========

Social insects offer a unique perspective from which to study epigenetics ([@R5]; [@R70]). Striking morphological and behavioral differences between castes include phenotypes relevant to translational research, such as social behavior, aging, and development. These traits can be studied on an organism level within a natural social context, as full colonies can be maintained in the laboratory. However, to analyze these complex traits at a molecular level, proper genomic tools must be developed. We previously assembled ant genomes generating a workable draft using the best technology at the time, whole-genome shotgun using short Illumina reads ([@R7]); however, the fragmented nature of these draft genomes presented an obstacle to epigenomic studies.

Here, we used PacBio long reads to reassemble *de novo* the genomes of the two ant species currently in use as models in our laboratory, *Camponotus floridanus* and *Harpegnathos saltator*, and produced accurate assemblies with scaffold N50 sizes larger than 1 Mb and a number of gaps smaller than in all other insect genomes available on NCBI at the time of writing ([Figure 1E](#F1){ref-type="fig"}). Although other insect assemblies have larger scaffold N50s than our new ant assemblies, which might be helpful for evaluating structural variations and interactions at great length scales, many *cis* regulatory and epigenomic mechanisms take place at short-to-medium range and their study is facilitated by longer gap-free regions of sequence (i.e., longer contigs). Thus, we prioritized contig length in our new assemblies, and chose to pursue greater PacBio sequencing coverage rather than techniques used to improve scaffold N50, such as optical mapping and proximity ligation.

Our greatly improved *Harpegnathos* and *Camponotus* assemblies deliver several critical benefits to further development of these ant species into molecular model organisms: (1) more comprehensive protein-coding annotations and more complete gene models ([Figure 3](#F3){ref-type="fig"}; [Table S3](#SD1){ref-type="supplementary-material"}), (2) more continuity of co-regulated gene clusters ([Figure 4](#F4){ref-type="fig"}), (3) high-quality lncRNA annotations ([Figure 5](#F5){ref-type="fig"}), and (4) the ability to detect regulatory mechanisms functioning in *cis* at distances of 10--100 kb ([Figure 7](#F7){ref-type="fig"}).

Although the annotation of protein-coding genes did not suffer excessively from the draft status of the 2010 assemblies, the new annotations contain potentially relevant genes that were previously missing. Most notably, a *Gp-9-like* gene previously unannotated in the *Harpegnathos* genome was found to be differentially expressed in worker brains compared to gamergates ([Figure 3C](#F3){ref-type="fig"}). The importance of *Gp-9* in ant biology is well established, as it was one of the first genetic markers discovered in ants for a colony-level phenotype. In the fire ant *Solenopsis invicta*, *Gp-9* maps to a cluster of genes involved in a large genomic rearrangement that governs the choice between a polygyne (multiple queens) or monogyne (one queen) colony ([@R56]; [@R67]). We found that a *Gp-9-like* homolog is expressed at different levels in *Harpegnathos* castes as well as in three other ant species with different social structures ([Figures S4C--S4E](#SD1){ref-type="supplementary-material"}), suggesting a conserved role for this gene in colony organization and opening an avenue for future investigation on its molecular function.

Another advance granted by our improved genome assemblies was the ability to annotate lncRNAs. We developed a custom pipeline and discovered over 300 high-confidence lncRNAs in both *Harpegnathos* and *Camponotus*. The mechanism of action and biological impact of lncRNAs is the subject of intense investigation in various model systems and in several cases a dedicated role in brain function has been advocated, based in part on their expression patterns ([@R5]; [@R6]).

Most lncRNAs are believed to act in *cis* to regulate expression of neighboring genes ([@R6]; [@R18]; [@R37]); therefore, an extended view of protein-coding genes in the vicinity of lncRNAs is critical to understand their regulatory role, and this information is provided by our updated genomes. Thanks to the increased continuity of the new assemblies, we were able to identify a lncRNAs-mRNA pair whose brain expression patterns were correlated, suggesting a potential regulatory relationship ([Figures 7B](#F7){ref-type="fig"}--[7D](#F7){ref-type="fig"}). Similar cases have been described in mammals; one lncRNA, *HAR1F*, is co-expressed in human Cajal-Retzius neurons with *reelin*, a protein-coding gene that regulates cortical development ([@R52]). A murine lncRNA, *Dali*, regulates the expression of the nearby transcription factor *Pou3f3*, which is involved in nerve and growth development ([@R12]). Our findings on brain- and caste-specific lncRNAs as well as lncRNAs co-expressed with protein-coding gene will allow us to prioritize candidates for future studies on the neuroepigenetic functions of lncRNAs in ants. This prospect is particularly intriguing in *Harpegnathos*, where we discovered major transcriptional changes that accompany the rewiring of the brain during adult caste transitions ([@R22]) and where we recently showed the feasibility of genetic manipulation of the germline ([@R71]).

EXPERIMENTAL PROCEDURES {#S9}
=======================

Genome Assembly Strategy {#S10}
------------------------

The reads of insert extracted from raw PacBio data were error corrected, trimmed, and assembled by Canu v1.3 ([@R35]). Quiver was used to polish the assemblies, which were then scaffolded with extracted subreads from the PacBio data using PBJelly ([@R16]), and with mate pairs using SSpace-Standard ([@R4]). The assemblies were polished with paired-end Illumina short reads using Pilon ([@R66]).

Annotation of Protein-Coding Genes {#S11}
----------------------------------

Protein-coding genes were annotated on the *Harpegnathos* and *Camponotus* assemblies using iterations of the MAKER2 pipeline. The MAKER2 pipeline was run four times, each step updated with hidden Markov models trained on the previous step. On the fourth run, gene models produced directly from RNA-seq and homology were reported, and all gene models were filtered using the annotation edit distance and the presence of a PFAM domain, as detailed in [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Annotation of lncRNA Genes {#S12}
--------------------------

RNA-seq reads from various developmental stages of *Harpegnathos* and *Camponotus* were assembled using two reference-based transcriptome assemblers, Trinity and Stringtie. Transcripts common among the two methods that did not overlap with protein-coding genes were designated as putative lncRNAs. LncRNAs were further filtered using the PhyloCSF Omega Test ([@R39]), mass spectrometry, and presence of splice junctions to protein-coding genes.

qPCR {#S13}
----

For qRT-PCR, 1 ng RNA was assayed per 10 μL reaction using the RNA-to-Ct single-step kit (Thermo Fisher). The RNA for *Rpl32*, encoding a ribosomal protein, was used as a normalization control.

Heatmaps and Clustering of lncRNA Expression Levels {#S14}
---------------------------------------------------

Expression patterns of differentially expressed lncRNAs in the developmental stages of *Harpegnathos* were clustered based on the quantile-normalized log-fold expression changes between each pair of samples. K-means clustering with a preset number of clusters (10) and maximum number of iterations (50) was performed on this quantile-normalized matrix. Heatmaps were plotted using the pheatmap package for R, with color scaling by row.

*In Situ* Hybridization {#S15}
-----------------------

500-bp DNA probes were designed against XLOC_081169 and included T7 (sense) and SP6 (anti-sense) RNA polymerase promoters. RNA *in situ* hybridization were performed according to published protocols ([@R45]; [@R63]), with minor modifications. Chromogenic ISH sections were imaged with a DS-Ri1 Digital Microscope Camera from Nikon. Fluorescent ISH sections were imaged with a Leica SPE laser scanning confocal microscope.

Sequencing Data {#S16}
---------------

The accession number for the RNA-sequencing data generated for this study is GEO: SuperSeries GSE102605. The accession number for the raw PacBio reads of the insert, as well as assembled genomes, is BioProject: PRJNA445978.
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======================
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(G) A genome browser view of region from (F) shows coverage by several PacBio reads that span the stretch of repetitive sequence across the gap between the two 2010 scaffolds.\
See also [Table S1 and Figures S1 and S2](#SD1){ref-type="supplementary-material"}.](nihms976415f1){#F1}

![Improved Accuracy of New Assemblies\
(A and B) Mapping (A) and sequence mismatch (B) rates for RNA-seq reads from various developmental stages of *Harpegnathos* (n = 14) and *Camponotus* (n = 15) to old and new assemblies. Horizontal bars indicate the means. p values are from two-sided, paired Student's t test. Error bars indicate SEM.\
(C) 2010 and 2016 assembly accuracy measured by percentage of fosmid Sanger sequence covered on a single scaffold. Each dot represents a fosmid. p value is from a two-sided Student's t test.\
See also [Table S2](#SD1){ref-type="supplementary-material"}.](nihms976415f2){#F2}

![Annotation of Protein-Coding Genes\
(A) Number of genes in 2010 and 2016 *Harpegnathos* and *Camponotus* annotations with a homolog in a panel of other ants, Hymenoptera, and animals.\
(B) Fraction of genes with no detectable homology, as outlined in red in (A), that contains no (black) or ≥1 (gray) protein family (PFAM) domains.\
(C) Expression of the previously unannotated *Gp-9-like* gene in *Harpegnathos* gamergates (n = 12) and workers (n = 11). p value is from a two-sided Student's t test.\
See also [Table S3 and Figures S3 and S4](#SD1){ref-type="supplementary-material"}.](nihms976415f3){#F3}

![Reassembly of the *Hox* Clusters of *Camponotus* and *Harpegnathos*\
(A) Scheme of *Hox* gene organization in (from the top) *Drosophila*, *Apis mellifera*, *Harpegnathos* (old and new assembly), and *Camponotus* (old and new assembly).\
(B) Example of a *Hox* gene in *Harpegnathos* updated in 2016 annotation. The 2010 gene model is depicted on the y axis, with the 2016 gene model on the x axis. Dots in the plot indicate regions of significant sequence similarity between 2010 and 2016 models.\
(C) RNA-seq from various developmental stages in *Harpegnathos* shows extension of the gene model past the 2010 boundaries. The 2010 and 2016 gene models are shown under the RNA-seq coverage track. Scale on RNA-seq track indicates reads per million.](nihms976415f4){#F4}

![Annotation of Long Non-Coding RNAs\
(A) PhyloCSF scores for transcripts with no overlap to coding sequences (gray) and known protein-coding genes (black). The x axis indicates the PhyloCSF scores in decibans, which represents the likelihood ratio of a coding model versus a non-coding model. Negative values indicate that a gene model is more likely to be non-coding than coding.\
(B) Filtering of lncRNA using stranded, spliced RNA-seq reads and mass spectrometry.\
(C) Boxplot for the number of homologs (BLASTN e-value \<10^−3^) found in other insect genomes for lncRNAs compared to protein-coding gene models.\
See also [Figures S5 and S6](#SD1){ref-type="supplementary-material"}.](nihms976415f5){#F5}

![Differential Expression of LncRNAs in *Harpegnathos* Developmental Stages, Tissues, and Brain Regions\
(A) K-means clustering of changes in lncRNA expression across the indicated developmental stages (all n = 2). The cluster number is displayed to the left of the heatmap, while the number of lncRNAs in each cluster is shown to the right.\
(B) Heatmap of lncRNA expression patterns from RNA-seq in ovary, fat body, antenna, and non-visual brain (all n = 3). Heatmap shows *Z* scores of log(RPKMs) (read per kilobase per million) by row. Arrows point to lncRNAs that have expression specific to one or more tissues.\
(C) RNA-seq and qRT-PCR for the three lncRNAs highlighted in (B).\
(D) Heatmap of lncRNA expression patterns from RNA-seq in non-visual brain, optic lobe, and retina (all n = 3). Heatmap shows *Z* scores of log(RPKMs) by row. Arrows point to lncRNAs that have expression specific to one or more regions.\
(E) RNA-seq and qRT-PCR for the three lncRNAs highlighted in (D).\
See also [Figure S7](#SD1){ref-type="supplementary-material"}.](nihms976415f6){#F6}

![Differential LncRNA Expression and LncRNA/Protein-Coding Co-regulation in *Harpegnathos* Castes\
(A) MA plot of lncRNAs in RNA-seq data comparing worker and gamergates ([@R22]). Genes with unadjusted p \< 0.05 are highlighted in black, genes with \<10% false discovery rate (FDR) in red. Data are from ≥10 biological replicates per condition (individual ants; worker, n = 11; gamergate, n = 12).\
(B) The expression levels of XLOC_094172 lncRNA (x axis) and the protein-coding gene *vps26* (y axis) correlate in both gamergate and worker. Each dot represents one biological sample (worker, n = 11; gamergate, n = 12). p value from Pearson correlation is indicated.\
(C) Expression patterns of XLOC_094172 and *vps26* in worker brains by RNA-seq in non-visual brain, optic lobe, and retina (all n = 3).\
(D) Positions of XLOC_094172 and *vps26* on scaffold66, with RNA-seq coverage from combined workers (n = 11) and gamergates (n = 12). Scale on RNA-seq track indicates reads per million.\
See also [Figure S7](#SD1){ref-type="supplementary-material"}.](nihms976415f7){#F7}

###### Highlights

-   Long reads produce highly contiguous genome assemblies for two ant species

-   Formerly unannotated gene well studied in other ants has caste-biased expression

-   Upgraded genomes allow for annotation of long non-coding RNAs

-   Many long non-coding RNAs are expressed in the brain, some in caste-specific manner

[^1]: Lead Contact
